Abstract-Current density profile measurements were obtained in the Proto-Cleo torsatron (R = 40 cm, a = 5 cm, 1 = 3, BT = 3 kG, n -1011 cm-3, Te -20 eV) by using a small back-to-back flat double probe. Three different operating circuits used with this probe are presented, along with experimental results, all showing good agreement. Current is seen to flow only within the separatrix, in channels which follow the magnetic surfaces as they move radially inward with time due to changing vertical magnetic flux.
I. INTRODUCTION
THE PROTO-CLEO torsatron is a device used to study toroidal magnetic confinement of plasma. The device is shown in Fig. 1 . It has a 40-cm major radius, 5-cm plasma minor radius, toroidal magnetic field of -3 kG, average electron density of 1011 cm-3, and electron temperature of -10 V.
The torsatron uses external vertical field coils to compensate for the vertical field produced by the helical windings, and thus creates closed magnetic surfaces for plasma confinement.
However, the vertical flux is not compensated, thus inducing a net toroidal plasma current as the flux changes with time.
It is the purpose of this paper to report measurements of current density profiles in the plasma. Along with measurements of plasma density, potential, and temperature profiles, knowledge of the current density profile will aid in describing the events occurring during the plasma discharge. The following sections focus on the probes used, three associated circuits and theories, verification of experimental results, discussion, and conclusions.
II. THE PROBE
The basic probe used is shown in Fig. 2 and will be referred to as a paddle probe. It The first 2 methods differ only in the resistance placed between the double probe. Method 1 uses a large resistance and relates the resulting difference in plasma floating potential to the current density. Method 2 uses a small resistance and relates the difference in collected currents from each flat surface to the directed plasma drift current. The third method (3) uses only one of the collecting plates as a single flat probe, which is swept between ion and electron saturation yielding electron temperature, density, and saturation current.
A. Method 1 As previously stated, this method relies on a difference in the plasma floating potential to determine the current density. Fig. 4 shows a standard plasma characteristic curve relating current drawn from a probe to applied probe voltage when the probe is in a plasma. Also shown are the various currents needed in the following analysis. From reference [1] , for a single probe ie = ire exp (-eVlkTe) (1) ire = Aene(kTel27rme)"12 (2) 
where ire = electron + ion saturation current, iri = ion saturation current, A = probe area, e = electron charge, ne = electron density, kTe = electron energy, and me,i = electron or ion (5) where Te = electron temperature in electron-volts.
B. Method 2
This method relies on the direct measurement of a difference of electron currents on each side of the double probe to obtain the current density, rather than the plasma floating potential difference as in method 1. The probe is placed in the plasma with surface #2 facing into the drift current and surface #1 facing away from it. The resulting difference in currents is related to the plasma drift current as follows. This method utilizes the single probe characteristic curve shown in Fig. 4 to obtain current densities. Only one of the flat collecting surfaces of the double probe is used. It is swept with a 5-kHz 400-V peak-to-peak signal, and alternately oriented to face into the current and away from the current. The sum of electron and ion saturation currents is easily obtained from the characteristic curve. The difference in value between the 2 orientations yields the ohmic current directly. Fig. 5 shows the important experimental events in time during the plasma discharge. At time t = 0, a 2.5-F electrolytic capacitor bank is discharged through the torsatron magnetic field windings setting up the confining fields. At t = 10 ms, a hydrogen occluded titanium plasma gun is fired. From t = 15 to t = 30 ms, an ohmic current is induced in the confined plasma due to the time-changing vertical magnetic flux, causing additional continuous ionization of the hydrogen gas. The ohmic current is present only during a portion of the decay of the magnetic field where appropriate confining fields are present. Measurements of electron temperature, density, and currents are obtained along a major radius, from a point about I cm inside the geometric minor axis to well outside the last closed magnetic surface. Between plasma discharges, the tank vacuum is maintained at 4-6 X 10-7 torr, and filled with hydrogen to 4 or 6 X 10-6 torr just prior to a discharge. Although different hydrogen filling pressures and probe resistors varied the probe output signal magnitudes, the basic shape of the double probe traces remained the same. The double probe was turned through 3600 with a resulting pattern of the voltage magnitude versus angle 0 as shown in Fig. 6(a) . Signal reversal between an angle 0 and 0 + 180°was observed. The two resulting signals are approximately mirror images as seen in Fig. 6(b) . A maximum signal is observed when the probe is oriented about 300 from horizontal, roughly corresponding to the direction of the magnetic field lines. A minimum signal is obtained at ±900 from the maximum signal orientation. All data was then taken with the probes oriented at 30°from horizontal. show composite plots of current density versus radial position and time for methods 1 and 2, respectively. Again, although signal magnitudes vary depending on the current measurement method used and hydrogen pressure, the relative profile shape remains unchanged. The following observations can be made.
IV. EXPERIMENTAL PROCEDURE AND RESULTS
1) The whole profile shifts radially inward with time.
2) The current peaks and dips with respect to radial location showing preference for certain regions.
3) There appears to be some symmetry in the profile with respect to the magnetic axis, though physical limitations prevent probe measurements further into the torsatron to fully verify the symmetry. The magnetic axis location was obtained from [2] . Table I gives an example of the resulting current densities obtained by all 3 methods. The data was taken at the geometric axis of the torsatron and at the same time during the discharge. [81, [9] . In this paper, the design of an inexpensive, simple, and relatively fast probe sweeping circuit with maximum current capability of 5 A is described.
II. LANGMUIR PROBE CIRCUIT
A schematic diagram of the Langmuir probe sweeper circuit is presented in Fig. 1 . This circuit has the capability of generating a linear voltage ramp of 40 V within a time period of 1.4 ms as illustrated by the oscilloscope signal in Fig. 2 . In addition, an adjustable offset dc voltage from 0 to ±70 V is added to the sweeping voltage so that either the anode or the cathode can be used as the reference potential. The quiescent or idling voltage applied to the probe is 20 V less than the offset voltage and the maximum voltage of the sweep is 20 V greater than the offset voltage. Since the probe current decays exponentially for V < Vp, the current collected at the quiescent voltage is small and the probe will not be overheated.
The sweeper circuit contains five main components: a power amplifier, a comparator, an optical isolator, and two dc power supplies. The power amplifier is a Torque System PA 223 power operational amplifier which consists of a 741 operational amplifier and a bridge-type power amplifier output. The 741 amplifier operates as a voltage integrator with C1 to keep the output power amplifier operating within its linear region.
The second 741 operational amplifier ICI operates as a voltage comparator to establish the thresholds for the sweep limit. As soon as a trigger from the optical isolator is received, 0093-3813/80/0600-0124$00.75 © 1980 IEEE
